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AbstracO  Tidal Stream Turbines are developingrenewable
energy devices, for which proofof concept commercial devices

curves [2], along with flow visualisations, for a variety of
configurations andealisticflow conditions.

are been deployed. The optimisation of such devices is supported

by research actvities. Operation within selected marine
environments will lead to extreme dynamic loading and other
problems. Further, such environments emphasisethe need for
condition monitoring and prognostics to support difficult
maintenance activities.

This paper considersflow and structural simulation research
and condition monitoring evaluations. In particular, reduced
turbine blade functionality will result in reduced energy
production, long down times and potential damage to other
critical turbine sub-assemblies.Local sea conditionsand cyclic
tidal variations along with shorter timescale dynamic
fluctuations lead to the consideration of timefrequency methods.

This paper initially r eports on simulation and scalemodel
experimental testing of bladestructure interactions observedin

the total axial thrust signal. The assessment is then extended to

monitoring turbine blade and rotor condition, via drive shaft
torque measurements Parametric models are utilised and
reported and a motor-drive train -generator test rig is described.
The parametric models allow the generation ofrealistic time
series used to drive this test rig and hence to evaluatihe
applicability of various time-frequency algorithms to the
diagnosis of blade faults

Keywords & Condition Monitoring, tidal stream turbin€lime-
Frequency MethodsRotor Fault Diagnosjsmotori generator test

rig.

I. INTRODUCTION

The modeling studiesonsidered relate specifically to Tidal
Streem Turbines rather than any other tidal or wave devices.
Many such devices have horizontal axis configurations, and it is
suchHorizontal Axis Tidal Turbine (HATT) that are cosidered.

Fig. 1. [3] shows the general arrangement for a HATT
installation and summarises the main parameters and effects of
interest.
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Fig. 1. Horizontal Axis Tidal Turbine (HATT[g]

The overall modeling studieseabriefly reviewed in section
Il. Previous studie$4] had compared results for designs with
varying numbers of blades and had confirmed thereph blade
angle setting for a3-blade option. Section Il introduces
condition monitoring considerations and suvarises the
components of experimental validation testing that relate to time
frequency analysis of total axial thrust measurements. Such
results were for flume based testing with plug flow profiles.
Recent studie§s] have used profiled flow conditions crwith
the addition of surface waves in attempts to provide more
realistic flow conditions. Sectiof/ compares the experimental
axial thrust results, for both optimum blade settings and with a

Research within the Cardiff Marine Energy Research Gro@gliberately noroptimum blade setting, to more specific

(CMERG) has established a series of generic design guidelifgulation studies. The neoptimum blade setting, with an offset
[1] for the developing commercial deploymenft Tidal Stream Pitch angle, was used to represent a Iumpedmeter
Turbines (TST). The mathematical models combind€Presentation of fault conditions for one of the 3 blades. Section
Conputational Fluid Dynamics (CFD) andtructural Finite IV alsodiscusses the development of parametric models for the
Element Analysis (FEA) to pwide FluidStructurelnteraction 2axial thrist considerations. These were developed to improve on
(FSI) results Within a structured framework of simulations, théh® monitoring results, in light of the legacy dataset limitations,

overall aim is to produceom-dimensionalised power and thrus@ind to avoid the relatively g run times for the increasingly
complex FSI simulation models. Sectiok details the



complimentary newstudies into parametric modeling of drive "

shaft torques for dynamic and realistic flow conditions. These ¢ 1.0
tested via a motedriveshaftgenerator test rig, which ialso
described in SectioW. Exampleresults and an assessment cdo‘
time-frequency procesng methods and their applicabiligre  oso | et
provided in Section VIThe paper finishes with a discussion o
the proposed methods and conclusions on the potential of t
suitably processed axial thrust and drive shaft torques o2+ *03m L Thane Esp
constituents of future TST cdition monitoring systems. 1
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Il. MATHEMATICAL MODELLING Fig. 3. Thrust curve for 0.5m diameter turbine with plug flow [2]

Within CMERGthe CFD / FEA / FSisimulation modelsdr As stated, e CFD models havbeen extended to include
horizontal axis tidal turbines (HATT) have been considered inm,id-Structure Interactions (FS[pB]. The experimental testing
non-dimensionalisedmannerand have led to generic power anghas also been developed to allow profiled flow testing, in
thrust performance curves for use by designers. addition to the original plug flow testing. The addition of surface

The performance charts generated by the modeling activitiggves has also been developetithe water flume facility at
include a nordimensionalised power curve. Also of interest, forjyerpool University. These aspects are not considered for the

the initial condition monitoring evaluations,s i a NOR  experimental axial thrust dataset considered in this paper.
dimensionalised axial thrust curve. Fy[2] is an example of a

power curve, plotted as power coefficient, VS tip speed ratio, |Il. CONDITION MONITORING AND PROGNOSTICS

TSR. G is the power coefﬂment' and IS the ratio of the a_lctual Condition monitoring and fault diagnosis is considered to be
power produced to the theoretical fluid dynamic pawthis  gjemental in developing marine current turbine energy
being proportion_al to the flow velocity cubed. The tip Spee‘?‘ ratiyraction [6]. Tidal energy technology has yet to be proven
(TSR) is a nordimensional measure of the angular velocity ofyii regard to long term operational availability amiability.

the HATT. Figure 2 shows the modeling results for a 0.5 f} js accepted that the harsh marine environments and problems
diameter, 3 blade turbine subjected to a plug flow of I°M.S i accessibility for maintenance may exasperate availability

Superl_mposed,_wnh appropriate error analysis _bars_arg Bfd reliability problems. Minimising uncertainty surrounding
matching experimental results. An accepted consideration is t operation and maintenance of such devices will tieis
variation of flow velocity with the depth of water for a selecte rucial in improving investor confidence and achieving

installation site. The 2 main approaches have been to ass)mee@onorﬁnally viable power extractior7].

plug flow, where the flow velocity is constant and (ii) a power |, many cases the proposed monitoring schemes are deemed
law proflle. Slmulatlon.a_nd'expenmental wqu IS-gaing 10 45 pe analogous to those deployed wimd turbines[8]. The
provide results for realistic installation conditions. In this PaPBherating conditions and medium d@wevervastly different

the experimental axial thrust results are for plug flowsteShe Investigations within CMERG, reped in more détail

parametric modeling of drive torques includes provision fQjsawhere @ began with consideratiomf a subset of the

effectsin addition tosimple plug flow. monitoring system, namelyie use of supporting structure based
sensorsThe support structure sensors are simplanstall and
interface to. Analysis of the axial thrust signals identified some
o8 ﬁ%}\}“ low-level cyclic background variations, with these being
e {\1\_ correlated to the interactions between the rotating blades and the

ya I~ supporting structure. e potentialfor frequency dorain and
o N time-frequency analysis methodgere considered and reported.
(&] . . . .

oas \ In this paper the monitoring of blade faults is developEue

3 bladesof Tidal Stream Turbines (TSTre significant ininitial

0.5 / \ turbine cost and are vital tothe orgoing economic powr

0.5

| oo mitme T ‘ \ extraction once the TSTs are installe@peration within the

\ marine environment will mean that turbine blades are subjected
0 to extreme loading, varying loads and biofouling; as well as
cose oo SR 0 % 7 being at risk of cavitation. The loss of functionality of a turbine
blade will result in reduced energglivery, long dowtimes and
if undetected ould lead to damage of other crisicturbine sub
assemblies. There are significant challenges to overcome if at
site turbine maintenanceis to be performed Condition
1monitoring and associated prognostic methods will provide
Invaluable information for the required logistical efforts.

'Recent research advances h&esn reported10][11], that
show the potential of using turbine drive shaft torque
measurements famonitoring purposes The turbine drive shaft
torque can be measured easily via the power output from the

* 0.5m: 1m/s flume Exptl

Fig. 2 Power curve for 0.5m diameter turbine with plug flow [2]

Fig. 3. [2] shows the nowlimensional axial thrust curve from
the same modelling exercise, plotted as thrust coefficieptysC
tip speed ratio, TSR.1Gs the thrust coefficient and is the ratio o
the actual thrust produced to the theoretical fluid dynamic thru
this being proportional to the flow velocity squared.



turbine generatoif is successfully implementeitl would negate and control the generated motievas capable of delivering a
the need for sensors mountdidectly on the turbine rotorThis maximum torque of approximately 4.92 Nrthe individual
may be of specific interest tdST developers asuch rotor results are classified by percentage torgueadex with ranging
mounted sensorare likely to face reliability issues due to thdrom 45%(peak power) down t6% (free wheeling)
harsh marine environment. In order to fully realise such aEachtest typically rarfor between 90 and 150 &nd in total 3
monitoring approach significant research is required to develsignals were recordethe servo motor current ¢ad to calculate
associated signal processing methodsd ato develop an power outputs)the angular velocity of the turbinand the total
understanding of the reliability of such an approach ondaxial thrust. Companion results were bt ai ned f or o}
stochastic sea conditions. Thpaper seeks to inform both of theb| ades and o6o0offsetd blade repr
above through stochastic turbine simulations and appraisalfadlts respectivelyThe blade fault at the peak power setting, for
time-frequency signal processing approach€&seseare reported example, manifested itself as reduced power genergpiowef
in section V.The prior availability and analysis of the axial thrustoefficientC, reducing from 0.43 to 87 as a typical result) and
results enabled the establishment of this approach. These restdthjced angular velocity (TSRdécing from 4.2 to 3.7 as typical
as stated above, are summarised in the following section. result).
Of more relevance to the current discussibe, éxperimental

IV MONITORING OF TOTAL AXIAL THRUST non-dimensional thrust curve, for the range of conditions tested,

A series ofscale model turbines have been developed by tiseshown in Fig5. The effect of a deliberately offset blade, used
CMERG group for water flume testinhe experimental testing to simulate fault conditions, is again clearly evident.
is repated in more detail elsewhere 2J1 For this paper a
summary of the experimental testing is providednd
concentrates on the resultebtained from axial thrust
measurements.

For theappropriate testa 0.5 m diameter, 3 blade turbine was
used. Each blade pitch angle was adjustable and from previou ®e%00ne,,
testingthe optimum blade pitch angle had been determined to be s
6° for the configurationin use. This prior testing information was e
also utilized to simulate a blade fault. In this case one of the o
blades was deliberately offset, to a pitch angle 6f 15 03

The water flume was configured and operated to provide plug
flow conditions (constant flowvith water depth) and an average
axial flow velocity of 0.94 m:&

Fig. 4. shows the general setup for the water flume tests. The 0 . N N . 5 .
junction between the vertical turbine support tube and the Tio Spead Ratio, TSR
horizontal supporting frame was fitted with a force block. The Fig. 5. Experimental Thrust Curves
strain gauge arrangement of the force block enabled the
measurement of the total axial thrust. The smaller cyclic variations in the larger overall axial thrust

values thatstem from bladesupport structure teractions are
Drive shaft Strain gauges shown in Fig 6. This example result ifor both optimum and
of f set bl ade -rcaansgeesd, tfoorr@uand&smeit d
32.5%) . The zoomed time axis is equivalent to approximately 5
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Main - Axial load turbine rotations for the conditions considered.These
,5:‘:;’[‘1’1‘;“'"9 5 logger observations were the basis fimstigating the timefrequency
analyses.
e The datasetbom the legacy data acquisition systerare not
support ideal for frequency domain analysis methods. The axial thrust
tube was sampled at approxately 47.6 HzThere was also evidence
of quantisation effects in the digitized thrust sigr{8ls For the
38 datasets the 90 s recordings represented between 192 and 359
turbine rotations, for angular velocities between 128 and 239
Water depth () = 0.85 m - rev.mirt. To progressthe analysis data from the entire duration
Depth to turbine rotation axis (b) = 0.425 m Flow direction

were used in the frequency transforms. Howeversiraple

statistical analysisevealed that fothe optimum blade tests the
Fig. 4. Liverpool University Water Flume and Experimental Setup. typical angular velocityfluctuations were + 2% of mean values.

For the offseblade test the fluctuations were generally larger and
A direct drive servo motor was used to generate controllalaleypical value was * 2.5% of mean val{@s

torques inopposition to those from the flow and turbine blades.

Test resultavere obtainedfor a range of conditions from within

the turbine performance curve. These ranged from the peak

power conditions down to the freeheeling condition with

negligible power outpt. The integral servo motor used to oppose

Flume width (¢) = 1.4 m
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Fig. 7. Spectrogram for Optimum Blades at 30% Torque
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The 38 experimental datasets were initially analysed by using
standard Fast Fourier Transform (FFT) functions with the MatlaB X Blade
environment. The obtained spectrums were investigated fbhrusts
determine whether differences between the optimum blade atfdffset by 50000
offset bladesubsets were reliably detectablén all cases te 0
rotati onal), was reaglily elatectgble, (frem the total 120 from m
axial thrust signals, and strongly correlated with the recorde®2ch other) :
angular velocitiesHarmonics at2 ., & n d [ vere wenerally
detectable.The data limitations and the time varying turbine
rotaional velocitieswere deemed to reduce the clarity of such Hub \
observations. Accordingly, time-frequency methods were Thrust
employed. For the purpose of this summalFg. 7. shows a v
Matlab time-frequency plat The spectrogram parameters,
including the number of FFT points, the overlap extent and Fig. 8. CFD Modelling of Thrusts

windowing, were optimized andhe plots typically provided Fig. 9. shows the thrust profile for 3 blades fort@bine

gpk;c?roegr;r\rg ";I o%llzr%a? Ts‘;or Bp?i?nmrg?:ézs-rgf 35(;0‘3[;2? ée revolutions. Fig. 9. also shows the frequency speeh for an
The 3 frequencies of interest are distinguishable, but not ngl\;:?nuda;n?:eﬁgl. Jgﬁgﬁgsgﬁgnt:etce;mzr?hae"s?;rtcri]r:]mpgisntoffor the
sufficient resolution to determine their time variations. . d y ; 9p
parametric model.The average thrust value is not plotted. The
A. Axial Thrust Parametric Modelling FSI mod_el assumes thgt the blades are |Qenju(_:al and that all
eometries are appropriately symmetricethe individual blag
ults were combined to permit consideration and comparison of

T spectrurafor the total thrust cyclic variations

200000

50000

60 80 120 150 180 210 0 270 300 330 360

Angle (degrees)

The first stage in developing parametric models was to utili
more specific FSI simulation models. The parameters of the Ft
models were configured in cognizance of the experimental axial
thrust analyses. It was convenient to adapsting FSI rotating It was found thatiolerances pertaining to the experimental
blade models for a full size HATTFig. 8.showsthe output for scalesize modelneeded to be&onsidered. The manufacture of
the 3 bladed10 m diameterturbine, with the blades set atthe turbine vas to a high standard, however small eccentricity
optimum pitch angles. Plug flow with a velocity of 3.086 msand other nomsymmetries are likely. More particularly, the
was used with operating conditions pertaining to a TSR of 3.6arbine was designed to have adjustable blade pitch angles. These
For thefull size turbine the latter equates to an angular velocityere adjusted, and set as appropriate between tests, using a
of 21.3 rev.mint. surface table andtandard angle templates. There was some

reliance on the skill and judgment of the experimenter.

9 contrast, theperfect symmetries and setups pertaintoghe FSI

Inodels led to the observation that frequency vectors from the
3individualbladescande each ot her out, exc
and multiples thereofwhen compiling the total axial thrust
spectrums.

The models are computationally intensive and settleivte
steady state results. Fi§. shows the thrust components for
turbine revolution. As expected the blade effecssspng and
shadowing the support tube, are offset by°¥&im each other.
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i have accordinglybeen captured via a parametric model in the
[ form of en 8 (or more) ternfrourier seriesThe resource model is

. not detailed in this paper, but is used to allow realistic flow
i conditions and distbbances to be inputs to the parametric model.

. 3 blades, 2 turbine rotations indidulsade Frequency drive shaft torquefluctuations under various rotor conditions

]
g
Thrust Ampliuude ()

*
h
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et The output of the model are simulated rotor torques. These are

L
&
! . * available for timefrequency analysis and as drive signals for a
\ o motordrive train generator test rig.
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Fig. 9. CFM Model of Blade Thrusts and Individual Blade Frequenc
Spectrum.
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Oncerelatively small adjustmestwere made within the 8 Resource Modelling

term parametric model, then frequency components consisten|[ Parametric Blade
those in the experimental analysis were obtained. lEigshows 3 1\ Fau[_tModel A AP
FFT amplitude spectrurmresults whera 10% reduction irboth e A
the mean thrusindrange of thrustsvas appliedor blade 2only, e sty
with blades 1 and 3 retaining their optimum settingse results ffc—
then obtained for the total thrust are shaw Fig 10. =
Total Thrust Frequency Spectrum
1 Simulated Offset Blade
4500 L Fig. 11. Schematic representation of tsienulation methodology
~ 4000
£ 3500 The parametric model waslibrated using the CFD model data
§ 3000 and is calculated based on the parameter set associated with the
£ 5500 rotor condition, the rotational displacement of the turbine and the
E‘ 2000 characteristic or average fluid veltciover the turbine swept
2 1500 area. In order to impose a stochastic nature to the simulations the
3 1000 characteristic fluid velocity input into the parametric model has
E 500 . 4 been modelled as stationary random process with a given power
o > ¢ o I spegral density. o .
0 0.05236 0.10472 0.15708 Fig. 12. further shows the contribution from experimental
) . ' (x2 /360}' water flume testing of 0.5 m diameter sealedel turbines. Also
requency (x <z shown is the motedrive train generator test rig. This is shown

Fig. 10. Axial Thrust Amplitude Frequency Spectrdrom 8term parametric without any additional drive train components at this stage in the
modelwith Simulated Effects due to Tolerances. develophg methods. It does facilitate the evaluation of generator
The adjustmemWere small Compared to the difference inOUtpUtS and their SensitiVity to turbine blade faults. In Simple
thrust values that would apply for the deliberately offset bladgérms recorded experimental data or other specific resource
For the offset blade the Change to & mﬁch ang|e is far more information may be used to drive the generator with realistic
substantial,as previously discusse€rucially, all ¥, 2andy Operatingparameters. The parametric model can be configured to
3. r’rcomponents can be seen in the Spec_tru'me 8 term include blade faUItS, local turbulence / swirl and other flow
parametric model is orders of magnitude more computatiof@nditions of interest.
time effective in comparison to the detailed FSI models. In order to effectively simulate the resultant torsional load on
the TST drive shaft computational fluid dynamic @F
V. DRIVE SHAFT TORQUEPARAMETRICMODEL modelling was used. CFD was utilised, as opposed to BEMT
modelling with stochastic fluid field generation3[l as the
A. Turbine Rotor Simulation Methodology resultant torque imposed on the drive shaft could be developed
for a number of differing rotor conditions with a range of fluid
Fig. 11. summarises the developed approach for generatifi§y complexities. The parametric model was constructed via a
synthetic driveshaft torque tireeries. CFD simulations haveprourier series evaluated at the turbine rotor position and could
been used to populate turbine performance curve informatighen be applied for differing rotor velocities by changing the

The CFD and FSI simulations are used to determine thgquency multiplier in each of the constituent terms.
parametric modeparametergo enable the evaluation of single

blade fault conditions. The prior methods, described in sebtfion
for axial thrust studies, were now applied to drive torque analysis.
The characteristics, and in particular the periodic nature of, the



CFD/FSI Turbine Modelling
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Fig. 12. Overview of CM testing methodology

A stochastic resource model was produced to simulate the-t
turbulent flow structures in one dimension moving across the
turbine. A number of simulations were produced for differing
realisations of the resource model and for differing blade
conditions.

B. TST Dive Train Emulator Test Rig.

Fig. 13. shows themotordrive traingeneratottestrig developed

for tidal stream turbine simulations. The test bed follows a
similar structure to the one usedYgnget al[14] in that there is

a motor controlled to replicate the turbine rotor input to the drive
train. In this case the motor is directly coupled to a generator for |
power extraction thereby effectively simulating a direct drive |
turbine equipped with a permanent mag synchronous :
generator (PMSG). To allow for flexibility during future testingrig. 14. The motor drives coupled via SERCOS III connection with an NI
the two rotating machirseare mounted on slotted cresactions CompactRIO for making calculations and sending drive commands.
allowing the separation between them to be increased so that

gearboxes and loér drive shaft components cae included in

the test bed. The two rotating machines are of the servo type with C. Parametric Model.

on board encoders measuring the rotor velocity and position for

feedback control. The machines are Bosch Rexroth IndraDyn ) .
MSK 050Cs and are synchronous permanent magnet machifia® frequency content of the driwhaft torque calculated via
rated with a maximum velocity of 4300 RPM and a maximusiFP modelling was decomposed into the torque contribution by

torque of 9 Nm.A Spiderflex rigid coupling isised to couple the €ach turbine blade. Each blade exhibitedatively constant
machinebs drive shafts. harmonic content at the rotational frequency of the turbine as

well as thdowestseven harmonics of the rotational frequency of
The motor drivesetup is shown ifFig. 14. The drives used e the turbine. Fig. 15. shows the angledomain steadsgtate
Bosch Rexroth Indrafive Cs which,aresetup as master and simulation result$or theoverall drive shaft torque
slave utilising the SERCOS Il communication protocol. The The results fo2 revolutions show the constituent torques for
master drive was then connected via Modbus TCP/IP tothg 3 identical and optimum pht angle blades.
National Instruments Compact RIO. The TST model and The frequencydomain spectrum is shown in Fig6. The
maximum power point tracking controlalgorithm ae consistent results for the optimum blades are shown in1fig
implemented using he RealTime operating system in thealong with the changes induced for 1 offset blade with increasing
Compact RIO and the rotor and generator commands were sef\tgls of offset. These levels are for blade pitcplesiof 6.8, &
the motor drives via the Modbumk. The motor drives utilise and 12 respectively. The parametric modelsfor a particular
closeloop current control to implement the commands sent froh$R,are detailed in Table 1.
the Compact RIO. The drives ingment field oriented control to
set the torque on each machine to achieve the simulation
commands at each time stepeither drive shaft torque or
rotational velocity. The parameters relating to both machérees
sent to the Compact RIO for logging andthier analysis.




TABLE1

TURBINE ROTOR TORQUE PARAMETRIC MODEL PARAMETERS AND VALUES

Optimum Offset6.5 Offset 9 Offset 12
Blade 1 2 3 1 2 3 1 2 3 1 2 3
K 0.310 0.313 | 0.310 | 0.327 | 0.318 | 0.316 | 0.344 | 0.314 | 0.298 | 0.337 | 0.309 | 0.285
A 8081 8442 8240 | 7741 | 8327 | 7843 | 9191 | 10354 | 9686 | 5387 | 8184 | 7820
B -0.539 | -0.551 | -0.545 | -0.552 | -0.566 | -0.552 | -0.63 | -0.616 | -0.6 | -0.519 | -0.568 | -0.56
M -0.3696 | -0.619 | -0.529 | 0.3861 | 0.0026 | -0.183 | 0.5875| 0.6194 | 0.3209 | 0.1277 | -0.119 | -0.398
N 8.2552 | 9.7245 | 9.272 | 1.6031 | 3.8187 | 5.2636 | -2.054 | -2.351 | -0.432 | 4.594 | 4.7638 | 6.7328
C 133.46 | 131.08 | 131.66 | 163.83 | 160.17 | 157.59 | 180.33 | 179.84 | 178.49 | 161.2 | 157.24 | 155.22
RMSE 0.0388 | 0.0858 | 0.0407 | 0.0799 | 0.0710 | 0.0811 | 0.0897 | 0.0701 | 0.0942 | 0.0942 | 0.0859 | 0.0974
250000 The drive torqugparametric modelas determined by turbine
150000 angular position, rather than being a tibesed evaluation, and
took a Fourierseries of the form:
T s2om0 Y —  QJY HhQ Rid1 —t Qa0
é 100000 T Bedet
§ oo e + 03y B ®©Q ATO1 —¢ QaQd
TR e S Y N + QY B &Q RG] —¢ Q4 Qb
- In this investigation the focus was on TST operation at close to
200 peak power conditions, rather than across the entire power curve.
0 Accordingly, parameters whergeterminedor tip speed ratiosm

o

100

200 300 400 500 600

Degrees (resampled)

the range 3.4 0.2. The parameter values, as shown in Table

Fig. 15.Resampled CFD results for two turbine rotation with optimum blad¥€re sensibly constant over this range. This allowed parameters

conditions showing the presence of the shadowing effect
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in the model to be held constant relative to the TSR. The
parameter set was as follows:

K'i Blade torque contribution for a given TSR
ai Depth of shadowing effect

b1 Harmonic decay of #nshadowing effect

ni Phase notinearity

m1 Phase gradient

ci Phase offset.

The parameter K gives the relative contribution of each blade
to the total drive shaft torque; this in affect sets the DC value of
the torque for a given TSR. The parametarand b give the
depth of the shadowing effect and the rate of decay of the 8
harmonics for each blade, this in effect defines the magnitude of
torque fluctuations due to the aforementioned shadowing effect.
Lastly, parameters m, n and c define the phaksionships over

Fig. 16. Frequency spectrum of the CFD model torque output for differinhe 8 harmonics for each blade.

rotor conditions showing 8 harmondontributing to the overall drive shaft

torque.

As stated previously, gzameter sets werebtainedfor an
optimum case (all blade pitch angles set to theafidthe three
singleblade offset cases. Tableptovidesthe parameter sefer
a tip speed t# of 3.4 The table also shows tHMSE between
the model fit and the CFD data used to develop the médel
visual comparison of the parametric model and CFD simulations
is provided in Figl7.



turbulences, set 41.05, 0.1 and 0.15 of the mean flow velocity
respectively.

Fault Fully Developed
No Fault Development Fakl\t
o = r A 5,
21 T T T

Fig. 17. Comparison of parametric model torque output with CFD mode
torque output.

D. Analysis ofParametric ModeDutputs

The results presented in sectionl Were obtained via
spectrogram and empirical mode decomposition methods. YT mor m e e e s e fault

The spectrogram results were progdc using Matlab developmentand a) Tl =0, b) TI= 0.5, ¢) TI = 0.1 and d) TI =
functionality. The spetrum analysis was conducted b)p'

appropriate setting ovindow length and overlap parameténs .
order to maximise the ability to identify\anomalous rotor '€ results of the spectrogram processing, for the same

conditions deriving from blade fault conditions. example case, are shown in Fi§. For clarity, the results for the

In general theenvelope amplitude and the instantaneod0> and 0.15 turbulences are shown as Figures (a) and (b)

frequency of a nostationary signal will change over time. ThideSPectively witfFig. 19.
leads to a significant problesrfor accurate estimation of the
instantaneous frequency of a signal which can be of great interest
in condition monitoring applications, such as torque signal
analysis However it can be seen that for momomponent
signals the instantaneous frequency dan estimated as the
derivative of the signal phase relative to tima order to exploit

this, HilbertHuang transforntechniques were evaluated. These
techniques us&mpirical Mode Decomposition (EMBllowed

by construction of the Hilbert spectrum. Emgal mode
decomposition represemithe signal as a sum of Intrinsic Mode
Functions (IMFs)

VI.RESULTS

Utilising the above simulation methodology a series of
theoreticaldrive shaft torque timseries were generated for the
appraisal of the tim&requencymethods. The simulations were
undertaken to appraise the effectiveness of the-fietriency
analysis techniques for both differing turbulence intensities and
differing turbine rotor conditions. In this manner the
effectiveness of the algorithms for botbtecton and diagnosis
could be gaugednder varying sea coitibns. For the study the
simulations were conducted with the rotor condition set to
optimum at the start of the simulation then the model parameters
were changed aft&80 seconds to simulate tlanset of a turbine
rotor fault. The fully developed fault was established over thes
subsequent 15 s period.

Fig. 18. isan example of the results obtained. The figure The spectrograms demonstrate that there are changes in the
shows four developing scenarios for teofiset blade case, with first 3 harmonics of the prevalent rotational frequency.
the scenarios relatinto increasing levels of turbulence being
included in the model. The first case has no turbulent loading and=or the empirical mode decomposition method, the intrinsic
the time series patterns correspond to the reported frequep@tle finctions are shown alongside time domain traces in
content for the torque models. The other 3 cases have increasiga?0. In this figure the results are shown for one of the

scenarios, namely for a turbulence intensity setting of 0.05.

Fig. 19. Spectrogram of the drive shaft torque for a) Tl = 0.05 and b) Tl =



